Lysosomal mediated degradation of intracellular lipids, proteins and organelles, known as 29 autophagy, represents a inducible adaptive response to lung injury resulting from exposure to 30 insults, such as hypoxia, microbes, inflammation, ischemia-reperfusion, pharmaceuticals (e.g. 31 bleomycin), or inhaled xenobiotics (i.e., air pollution, cigarette smoke). This process clears 32 damaged or toxic cellular constituents and facilitates cell survival in stressful environments. The regulation of autophagy and mitophagy involves complex interaction and signal 68 transduction networks (Figure 1) . Autophagy is up-regulated during starvation or energy 69 depletion by the activation of 5′-adenosine monophosphate (AMP)-activated protein kinase 70 (AMPK) and inhibition of the mechanistic target of rapamycin (mTOR) pathway (93). The 71 formation of the autophagosomes is mediated by two ubiquitin-like conjugation systems: 72 microtubule-associated protein 1, light chain 3 (LC3) or its homologs, and autophagy protein, 73 autophagy-related gene 5-12 (ATG5-12) (25; 48; 106). In mammals, the conversion of LC3-I 74 (unconjugated cytosolic form) to LC3-II (autophagosomal membrane-associated 75 phosphatidylethanolamine-conjugated form) is a hallmark of autophagosome formation (25; 48; 76 106). In addition, the SQSTM1/p62 protein, also known as sequestosome-1, has a ubiquitin 77 association domain (UBA) and a LC3-interacting region (LIR), by which play an important role in 78 recognizing cargos and targeting them for autophagy (42). Autophagy deficiencies lead to 79 accumulation of p62 and induction of cellular stress and disease (44; 54). 80 81
Introductiontreatment of mice with rapamycin, an inhibitor of the mTOR signaling pathway, attenuated the 144 CLP-induced suppression of LC3-II and ATG5 and improved mouse survival after CLP (119).
145
This is one example of discrepancies observed sometimes with the same mouse strain and the 146 same injury model yet different LC3-II responses. 147 148
In ALI caused by lipopolysaccharide (LPS) induced endotoxemia, LC3-II was increased in the 149 lungs of LPS treated mice and in human bronchial cells exposed to serum from septic patients 150
(1). Starvation ameliorated lung injury, and autophagy-deficient mice (Atg4b-null) had increased 151 mortality after endotoxemia and exacerbated lung injury (1) . One study found that in septic 152 patients MAP kinase kinase 3 (MKK3) activities are higher in isolated peripheral blood 153 mononuclear cells compared to controls, suggesting a correlation between MKK3 activity and 154 sepsis (72). LPS-increased mitochondria and LC3B colocalization was further elevated in 155 MKK3-/-lung endothelial cells, associated with higher levels of PINK1 and PARKIN, higher 156 mitochondrial mass and membrane potential, decreased mitochondrial derived reactive oxygen 157 species (ROS) as assessed by MitoSOX fluorescence. MKK3-/-mice released less 158 mitochondrial DNA to the serum associated with enhanced survival of LPS exposure (72). In 159 contrast, Pink1-/-mice exhibited worsened survival during LPS induced sepsis (72). Lc3b-/-or 160
Becn+/-macrophages exhibited enhanced LPS+ATP-induced caspase-1 activation, the 161 accumulation of swollen or depolarized mitochondria, increased mitochondrial reactive oxygen 162 species as indicated by MitoSOX intensity, the translocation of mitochondrial DNA into the 163 cytosol, and the secretion of IL-1β and IL-18 (78).
165
In a mouse two-hit model (hemorrhagic shock followed by intra-tracheal injection of muramyl 166 dipeptide, HS-MDP) of ALI, HS-MDP induced high mobility group box 1 (HMG B1) signaling and 167 activation of Nucleotide-binding oligomerization domain-containing protein 2 (NOD2) in alveolar 168 macrophages, induced inflammation and elevated LC3-II. Lc3 knockout alveolar macrophages 169 exhibited persistent receptor-interacting protein 2 (RIP2) and NOD2 association and
170
enhanced inflammation, indicating that autophagy plays an inhibitory role in the inflammation 171 process. PMNs also promote lung inflammation, albeit through an autophagy independent 172 mechanism via upregulation of toll-like receptor 2 (TLR2) signaling and nicotinamide adenine 173 dinucleotide phosphate (NADPH) oxidase activation (112). 174 175 ALI induced by hyperoxia is associated with increased LC3B-II and p62 in the lungs of mice and 176 bronchial epithelial cells (64; 105). Lc3b and p62 siRNAs promoted hyperoxia-induced epithelial 177 cell death, consistent with autophagy playing a protective role in ALI pathology (64; 105). The 178 protective role of autophagy has been demonstrated by additional evidence in the context of 179 ALI. Nlrp3 knockout mice exhibited increased LC3BII/I at normal or hyperoxia condition, 180 increased PINK1, resistance to hyperoxia-induced bronchoalveolar lavage fluid (BALF) protein 181 exudation, oxidative stress, and apoptosis (124). Conversely, mice with Pink1 knockout or lung 182 endothelial-targeted silencing exhibited increased oxidative stress, BAL, apoptosis, and 183 mortality in hyperoxia exposed mice (124). Carbon monoxide increases LC3BII/I in cultured 184 human epithelial cells, decreases mitochondrial ROS in A549 cells, and is protective against 185 hyperoxia induced human epithelial cell death (60). 186 187
In contrast, several studies have shown that autophagy may have a detrimental role in lung 188 pathology in certain circumstances. For instance, studies have shown that in response to 189 seawater-exposure, both the LC3 mRNA and the LC3-II proteins are increased in the lung.
190
Inhibition of autophagy by intraperitoneal (i.p.) injection of 3-methyladenine attenuated 191 seawater-induced lung edema and improved lung function (66). Similarly, in response to 192 intestinal ischemia/reperfusion, the activation of the C5a receptor and the subsequent increase 193 of LC3-II resulted in Bcl-2 degradation and apoptosis in resident alveolar macrophages, 194 contributing to lung injury (39). In this case, 3-methyladenine or macrophage-specific Atg5 195 knockout attenuated the injury (39). In ventilator-induced lung injury (VILI), LC3II/I ratio is 196 increased in lung macrophages. Pharmacological inhibition of autophagy or silencing Atg5 197 decreased inflammatory lung injury (123) . Similarly, Atg4 knockout mice also exhibited 198 decreased NF-κB activation and decreased inflammatory injury in response to VILI (69). protein of H5N1 may be responsible for stimulating autophagy and that NF-κB activation 210 promotes autophagosome formation (81). In addition to H5N1, H3N2 viral replication and 211 mortality were also attenuated by Atg5 knockout in the bronchoalveolar epithelium (30 By measurement of translocation of LC3B to mitochondria, mitophagy has been shown to be 367 impaired in lung fibroblasts in response to CSE exposure, despite the increased PINK1 levels in 368 lung fibroblasts (2). Increased cell senescence, mitochondrial DNA damage, and decreased 369 mitochondrial membrane potential and ATP levels in lung fibroblasts were also evident (2).
370
There were also an increase of p53, and p53 interaction with PARKIN may be responsible for 371 inhibition of PARKIN translocation to the mitochondria (2). PARKIN overexpression and Mito-372 TEMPO, a mitochondria-targeted superoxide dismutase mimetic, decreased DNA damage and 373 cellular senescence in CSE exposed HFL1 cells, consistent with a beneficial effect of 374 enhancement of mitophagy (2). 375 376
Using a combined approach of assessing the accumulation of p62, the rate of protein 377 degradation assay, and LC3-II turnover in the absence and presence of lysosomal clearance 378 inhibitor bafilomycin, it has been demonstrated that in alveolar macrophages, CS or CSE 379 exposures blocked autophagic flux, associated with increased accumulation of LC3-II (77). The 380 decreased autophagic flux in CS or CSE exposed macrophages was correlated with decreased 381 bacterial clearance and increased mitochondrial dysfunction (77). 382 383
Decreased nuclear sirtuin 1 (SIRT1) has been found in macrophages and lungs of COPD 384 patients and in MonoMac6 cells exposed to CSE (88). SIRT1 has been shown to impact 385 autophagy, as demonstrated in H292 cells that SIRT1 activation by resveratrol decreases CSE-386 induced LC3-II, and SIRT1 inhibition by sirtinol enhances CSE-induced LC3-II. Since SIRT1 387 activity is also regulated by NAD+ depletion induced by activation of poly ADP ribose 388 polymerase 1 (PARP-1), the impact of PARP-1 inhibition on CSE-induced LC3-II has been 389 investigated. It was found that PARP-1 inhibition by an inhibitor 3-AB in HFL1 fibroblasts 390 decreased CSE-induced LC3-II, consistent with PARP-1 inhibition activates SIRT1. Sirt1 391 knockout mice exhibited more increase of LC3-II in response to CS, although whether SIRT1 392 inhibition exacerbates lung pathology has not been examined in this particular study (40). 393
Resveratrol (40) Ultrastructural and biochemical studies demonstrated that mitochondria in IPF lungs are 494 enlarged and dysmorphic with impaired Complex I and IV activity (11). Furthermore, IPF lung 495 had higher levels of LC3 that co-localize to the mitochondrial marker ATP synthase, higher 496 levels of p62, and lower levels of LAMP1 (a lysosome marker), indicating an impairment in the 497 autophagy flux leading to accumulation of dysfunctional mitochondria (11). 498 499
Alveolar macrophages also play an important role in the pathogenesis of pulmonary fibrosis by 500 generating reactive oxygen species and are a source of TGFβ, a major mediator of fibrosis 501 (114). Akt1 has been found to be one of the important factors regulating mitophagy and 502 macrophage production of TGFβ, as macrophage specific Akt1 knockout mice exhibit 503 decreased mitophagy and increased macrophage apoptosis, decreased TGFβ and protected 504 from bleomycin-induced pulmonary fibrosis (57). 505 506
Micro-injuries including endoplasmic reticulum (ER) stress, TGFβ, bleomycin, aging and 507 surfactant genetic defects have all been shown to perturb autophagy. Here we summarize the 508 evidence for the role of autophagy in each of these aspects of pulmonary fibrosis ( ameliorates the deleterious effect of ER stress on mitochondrial homeostasis (11). In vivo ER 518 stress by tunicamycin intratracheal injection and infection with MHV68 (a murine 519 gamaherpesvirus homologous to EBV) led to lung fibrosis and downregulation of PINK1. The 520 essential role of PINK1 has been demonstrated in Pink1 knockout mice where increased p62, 521 enlarged swollen mitochondria and decreased complex I and IV activities are evident in the 522 lung, with fibrosis in response to MHV68 (11). 523 524
TGFβ decreases senescence and increases differentiation of lung fibroblasts from explanted 525 human lungs, this is associated with increased LC3-II levels and decreased p62 levels. 526
Silencing Lc3b and Atg5 enhanced, and mTOR inhibitor Torin1 suppressed, TGFβ-induced 527 expression of α-smooth muscle actin (α-SMA) and type I collagen in fibroblasts, consistent with 528 an inhibitory role of autophagy against fibroblast differentiation (5). TGFβ also induced human 529 lung fibroblast MRC-5 cells differentiation with increased levels of fibronectin, collagen-1 and α-530 SMA (82). In response to TGFβ, mTOR is activated, LC3-II is decreased and p62 is increased. As with other pulmonary diseases discussed above, autophagy also appears to play a dual role 627 depending on the model of PH used in animal models. The most commonly used animal 628 models of PH are the chronic hypoxia and the monocrotaline models (100). In rats, although 629 hypobaric hypoxia for 2 weeks did not change LC3B-II, 17β-Estradiol increased LC3-II in the 630 lungs exposed to hypobaric hypoxia, and attenuates hypoxic pulmonary hypertension via 631 estrogen receptor-mediated inhibition of pulmonary vascular remodeling (55). LC3B is 632 increased in the lung in mice exposed to hypoxia for 3 weeks, and increased in pulmonary 633 artery endothelial cells (PAECs) and pulmonary artery vascular smooth muscle cells (PASMC) 634 exposed to hypoxia for 24 hours. Lc3b deficient mice had exacerbated PH in response to 635 hypoxia, suggesting that autophagy is protective against chronic hypoxia induced PH (61 Pink1 deficiency exacerbated hyperoxia-induced lung injury. Nlrp3 deficiency increased PINK1 and decreased hyperoxia-induced lung injury.
Zhang et al 2014
Carbon monoxide increases LC3BII/I and protects against hyperoxia induced cell death. 
Ventilator induced lung injury (VILI)
In a mouse model of VILI, mechanical ventilation with a high tidal volume (28 ml/kg) caused rapid increase in LC3B-II levels and ratio of LC3B-II/I in macrophages, causing lung inflammation via NLRP inflammasome signaling. Not assessed Atg5 lung epithelial knockout attenuate H3N2 viral replication and mortality.
Hahn et al 2014
Not assessed Bafilomycin at low concentration suppresses H1N1 induced LC3-II accumulation and decreased viral replication in A549 cells.
Yeganeh et al 2015
Atg5, Atg14, Fip200, and Atg7, but not Atg4b or Atg16l1 myeloid cell knockout protected mice from influenza H1N1-induced lethality.
Lu et al 2016
748 Epithelial cells or fibroblasts exposed to CSE;
Mice exposed to CS Increased LC3B-II/I ratio, ATG4, ATG5-ATG12, and ATG7 proteins, increased autophagosome vacuoles in COPD patients. Egr-1 −/− mice are resistant to cigarette smokeinduced apoptosis and emphysema.
In human pulmonary epithelial cells, knockdown of early growth response-1 (Egr-1) inhibited CSEinduced LC3B and ATG4B expression. Inhibition of autophagy by Lc3b knockdown protected epithelial cells from CSEinduced apoptosis.
Chen et al 2008
Ho-1 overexpression inhibited the increase of LC3B-II or BECN1, the activation of DISC and the activation of caspase 3, 8, and 9. Ho-1 siRNA augmented DISC activation.
Both Lc3b and Becn siRNA decreased activation of caspase 3 and 8 in Beas-2b cells.
Kim et al 2008
Nrf2 siRNA increases, while and N-acetylcysteine, Keap1 siRNA, Nrf2 overexpression, or p62 overexpression decreases LC3B-II. PINK1 is downregulated in AECIIs of IPF patient lung, and in mice exposed to ER stress.
Silencing Pink1 in A549 cells enhanced tunicamycin and bafilomycin exposure induced increase of mitochondrial mass.
Pink1 overexpression ameliorated the tunicamycin and bafilomycin-induced mitochondrial accumulation.
Pink1 knockout mice exhibited enlarged swollen mitochondria in lung tissues, lower mitochondrial number per cell, decreased complex I and IV activities, but increased LC3-II accumulation. Enhanced p62 levels and increased fibrosis were evident in response to MHV68.
Bueno et al 2015 TGFβ
TGFβ decreased senescence and increased differentiation of fibroblasts from explanted human lungs.
TGFβ increased LC3-II and decreased p62 in lung fibroblasts
Lc3 and Atg5 silencing has no effect on human bronchial epithelial cells (HBEC) senescence, but increased α-SMA and type I collagen levels, and TGFβ further enhanced their expression.
mTOR inhibitor Torin1 suppressed α-SMA and type I collagen levels, without changing senescence.
Araya et al 2013
TGFβ induces fibronectin, collagen-1 and α-SMA in human lung fibroblast MRC-5 cells. mTOR is activated, LC3-II is decreased and p62 is increased.
Silencing Becn1 and Lc3 enhanced, while rapamycin attenuated, TGFβ induced fibronectin and α-SMA increase in MRC-5 cells.
Patel et al 2012
Human IPF lung mitochondria exhibit higher PINK1 compared to controls. In Beas-2b cells, TGFβ increased PINK1, mitochondrial fragmentation, and colocalization of PINK1 with LC3.
In Beas-2b cells, silencing Pink1 enhanced cell death in response to TGFβ.
Patel et al 2015
In normal human lung fibroblasts (NHLFs), TGFβ suppresses autophagic flux as assessed by measurement of LC3-II levels with and without chloroquine. Furthermore, many autophagy genes are regulated by TGFβ.
Induction of autophagy using Tat-beclin 1 reduced expression of fibrotic markers in fibroblasts, and inhibition of autophagy by knock down of ATG5 and ATG7 had the opposite effect.
Sosulski et al 2015
Bleomycin Bleomycin (A single intratracheal instillation of 2.5 U/kg of bleomycin) treated rat (28 th day) exhibited higher fibrotic markers including α-smooth muscle actin (α-SMA), fibronectin, collagens I and III, together with higher p-mTOR, lower BECN1 and lower LC3-II.
Berberine increased BECN1, LC3-II and autophagosomes, decreased bleomycin-induced pmTOR, and reversed bleomycin induced ultrastructural alteration of the lung, likely through inhibition of PI3K/Akt, and mTOR.
Chitra et al 2015
Not assessed
Inhibition of mTOR with rapamycin protected against bleomycin-induced fibrosis in mice.
Patel et al 2012
In mice, bleomycin (3.0 U/kg, intratrachea instillation) on 28 th day increases LC3-II, BECN1, p-mTOR, and p62; decreased VPS34 and pBcl-2.
IL-17A neutralizing antibodies attenuate bleomycin-induced lung fibrosis, p-mTOR and p62 in mice, and further increase BECN1, VPS34, and p-Bcl-2.
Inhibition of autophagy with 3-MA reversed the antifibrotic effect of IL17A blockage.
Mi et al 2011
Bleomycin There is an age effect in bleomycin induction of LC3 puncta, LC3-TOM20 colocalization, lipofuscin and collagen deposition in mice.
Not assessed Soulski et al 2015
There is an age effect on mitochondrial dynamics, ER stress, susceptibility to MHV68 induced mitochondrial dysfunction, Pink1 expression and fibrosis in AECIIs.
Pink1 deficient mice showed increased susceptibility to lung fibrosis after MHV68 infection.
Bueno et al 2015 Familial
Lung epithelia from patient with surfactant protein-C (SFTPC) I73T heterozygous mutation showed increased autophagic vacuoles. 17β-Estradiol increased LC3-II in the lungs exposed to hypobaric hypoxia, and attenuates hypoxic pulmonary hypertension via estrogen receptor-mediated inhibition of pulmonary vascular remodeling.
Lahm et al 2012
Mouse chronic hypoxia LC3B is increased in the lung in mice exposed to hypoxia for 3 weeks, and increased in pulmonary artery endothelial cells (PAECs) and pulmonary artery vascular smooth muscle cells (PASMC) exposed to hypoxia for 24 hours.
Lc3b deficient mice had exaggerated PH in response to hypoxia, suggesting that autophagy is protective against chronic hypoxia induced PH.
Lee et al 2011
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